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SECTION 1

INTRODUCTION

The Plasma Physics Division of the Naval Research Laboratory has

long played a leading role in advancing the physical understanding of

intense charged particle beam generation and acceleration. A pdrticularly

noteworthly example of NRL's contribution to the field is presented by the

series of innovative techniques proposed by the Lab to accomplish the

acceleration of multi-kiloamp electron beams to energies well above

* 100 MeV. Among these suggested schemes is the Collective Particle

Accelerator (CPA) concept introduced by Dr. Moshe Friedman (References 1

and 2) in 1977 and experimentally investigated by him for about 3 years

t.hereafter. Although initial results were negative, they were not

conclusive. Given the potential significance of such an accelerator to

various programs underway in the Navy, it is highly desirable to resolve

the question of the CPA's ft-asibility. Reconstructing the now dismantled

experiment is still an option only if the previous negative results can be

w explained and a plausable method of correcting the results can be

offered. For this purpose, Mission Research Corporation (MRC) has been

~-"nducting two-dimensional, relativistic, electromagnetic, particle-in-

cell simulations using a model of the CPA with realistic operating

parameters.

The first phase of this research was concluded late last year.

The major findings of that work were summarized in the Mission Research

Corporation Report, MRC/W DC-R-073, entitled "Numerical Simulations of the

NRL Collective Particle Accelerator" (Reference 3). Those results

confirmed the experimental observations that both the hollow electron beam

as well as the central, pencil, electron beam were able to propagate

freely down the full length of the drift tube when the device was in a

sinale-beam mode of operation. The numerical findings also confirmed the

empirical eidence that the hollow beam propagates undisturbed e~en when

the de~ice is in dual-beam operation (i.e., e en when tne central beam is

Jrfemni, i) sairetment arose, oeer. netween the numerical and

1-i



experimental conclusions regarding tre 0ehavior of the central beam in the

dual-bedm mode of operation. The experiment was unable to detect any

0 propagation of the central beam, even over short distances in the presence

of the outer, hollow beam. The previous simulations, on the other hand,

found a central beam propagating down the length of the drift tube even in

dual-beam operation. The current carried by that central beam, however,

was found to be approximately one-third of the \alue observed for that

beam in the absence of the outer hollow beam.

This apparent disagreement between simulation 3nd experiment is

* crucially significant. If the simulation is correct, the experiment could

still have been conducted on the existing CPA de\ice because the central

beam electron current Aas still appreciable. As it turns out, there is a

possibility that the simulation does not disagree with the experiment, but

rather disagrees only with the interpretation of the experimental

:1 i aqnost i cs. It has been conceded that the B-det ect ors used i n t ne

experiment were probahl\ not sensiti'e enouQh to pick up a central beam

current of under a kiloamp in the presence of the outer 20-25 kA hollow

,am (Reference 4). If the simulation results stand, they argue in favor

of d renewed electron beam CPA experimental effort.

It "as the objective of this second and final phase of the

IR4RC/CPA simulation effort to modify the pre.iously used simulation model

in a number of important ways in order to either confirm or to contradict

tie pre~ious results in a more conclusi\e fashion. To accomplish this,

se.eral reasonable criticisms of the previous model were addressed

head-on. The main points to be satisfied were as follows:

1) The nollow electron beam used in the experiments had a peak

current of 20-25 kA. The previous simulation used a hollow

beam of almost 50 k,.

2) Toe \otaue pulse for the rod cathode had a rise time of

5-1j , " \' te e)p rimefs but onl\ 0.1 osec in the



simulation. Perhaps a longer rise time dumps additional

electrons from its low-energy leading edge into the virtual

0 cathode, thus further Inhibiting emission.

3) In the actual experiments, the applied axial magnetic field

strength was maintained at a uniform 10-20 kG. The previous

simulations used a 25 kG field. Perhaps that added a

critical increment of extra stability to the central beam.

In the technical discussion that follows, the general research

* topic is described arid the specific objective of this work is delineated.

The discussion begins with a brief review of the experimental CPA device

in question. The underlying, general theory is spelled out and the

fundamental operative equations are listed. Thereafter follows a detailed

picture of the actual experimental apparatus constructed at NRL to test

the feasibility of the concept. The observed negative results are then

described. At that point., the specifics of this effort are initiated with

a reduction of the actual physical device to a numerical model which is

* both physically alid anid computationally tractable. Particular attention

is paid to the assumptions which are made to arrive at the model. These

assumptions determine which phenomena can or cannot manifest themselves in

the simulations. For this work MRC used its 2-1/2-D, electromagnetic,

*relativistic MAGIC code. A complete description of the code's

capabilities and limitations is given in the Appendix. Then, Section 4

presents the detailed results of the major simulation runs conducted with

MAGIC to diagnose the CPA device. Numerous figures are included to

provide as complete as possible a picture of the various physical

phenomena at work. Clear conclusions are drawn in Section 5.
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SECTION 2

THE EXPERIMENTAL DEVICE

Mission Research Corporation has applied its MAGIC simulation

code to examine specific, critical physics questions involving the

technical feasibility of NRL's Collective Particle Accelerator (CPA).

These simulations now provide critical additional information to the

parties concerned at NRL to determine the possible future of a revived CPA

experimental effort. If the CPA is again brought to life, MRC proposes to

continue its computational support of that program to optimize its

performance. This section of the report reviews the NRL-CPA experiment

and its chief results.

An approximate drawing of the CPA device experimentally tested

at. 14RL by Dr. Moshe Friedman appears in Figure 1. The essential elements

consisted of two opposing e-beam, foilless diodes installed at opposite

end: of a 5-meter-long, 4.76 cm diameter metal drift tube. Both diodes

* were fed from the same 1.0 MV, 100 nsec pulsed power gene-ator. However,

a transformer installed in the feed-line branch leading to the hollow

cathode diode boosted the effective diode voltage at that end to 1.5 MV

compared with the 1.0 MV of the opposing rod diode. The hollow-beam diode

* consisted of a 4.0 cm diameter tapered graphite cathode inserted into the

flared anode structure at one end of the drift tube. The anode diameter

increased from 4.76 to 15.24 cm over an axial distance of 12.7 cm. This

flaring was accomplished in two parts: first, a diameter increase from

4.76 to 7.0 cm over a 5.1 cm axial distance, and then, an increase from

7.0 to 15.24 cm over the remaining 7.6 cm. This two-staged anode flaring

was exactly repeated on the opposite end of the drift tube where the rod

diode was placed. The axial positioning of the cathodes was not a fixed

parameter in the experiments. The electron beam produced by the hollow

cathode had an outside diameter of about 4.0 cm and a radial beam

thickness of about 0.2 cm. It carried a peak average current of about

20-25 kA. The tiD of the rod cathode typicallv projected 1 or 2 cm intol

the crift tube. A 'nrlhte rirn about 1.0 cm in cross-se7tion huoged the

2-1
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inner drift tube wall in the \icinity of the rod tip to act as a beam stop

for the hollow electron beam. The axial position of this graphite

0 beam-stop was again not a fixed experimental parameter. In some cases it

was placed a short distance in front of, and in some cases a short

distance behind the rod cathode tip. The rod cathode emitted a pencil

e-beam of diameter 0.5 cm with a peak current of 2 kA and a current and

voltage rise time of about 5.0 nsec. In the actual CPA, the hollow

electron beam would experience a density modulation sinusoidally to zero

at a predetermined frequency. Uniformly positioned several centimeters

apart down the entire external length of the drift tube were a series of

* magnetic field coils which could create either a constant 15 kG B. or an

axially-rippled B-field consisting of an average 22.5 kG component to

which is added a ripple of the form B .cos 2--z-) where B1  7.5 kG and

L = 60.0 cm. (Note that the uniform field coil spacing was compressed for

the last several coils at both ends of the tube to provide intensified

Bz-fields behind the respective diodes.)

* To describe the physics of the CPA device, we rely on excerpts

from Reference 1. In that report, it is pointed out that the axial

electric field component at r=O, produced by an annular, unneutralized,

magnetically-focused intense relativistic electron beam (IREB) propagating

through a drift tube of radius R can be approximated by

[91 R DI] R Q 1 arb)
E 7 in in - + ()---

Ez z rb  7Ta rb  2 Tro rb ;z

where Q is the beam's charge per unit length fQ = I/ b), I is the beam

current, rb is the beam radius, and v is the electron velocity. If the

drift tube walls are covered with a thin dielectric layer of thickness,

,,R, and permeability, E, one finds

1 ;I R 6 6R al Q 1 arb
- - l n - + +. 2

L r 2 2t 2- r : z
b
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Furthermore, by choosing

_R . 1 1n R (3)
R C-1 Y2 rb

Equation (2) reduces to

Q 1 ~rb
E b (4)2 IT rb 3z

O Now assume a charge density modulation of the IREB of frequency and

wavelength, f and x respectikely, such that Af = v and

Q (z, t) 0 + sin z - 2 f (5)

If dn i\ illy, sinusoidal y rippled magnetic field with ripple %avelength,

L, is now imposed in the drift tube, the annular beam will follow the

B-field lines and have an axially varying radius of

r - r + r cos r < r (6)
b o 1 1 o

L

where ro is the mean IREB radius and r I is the amplitude of the radial

ripples. Inserting (5) and (6) into (4) along with the assumption that

the beam velocity, v, is approximately equal to the speed of light, c,

yields

E os[2-z i+ 2rftlEz 4 ro rL L

-cos [z - ) 2Trft 2 sin 2_z (7)

z. L

GU



Thus, there are two "waves" with phase velocities

v = v L for the forward wave, and
A+L

(8)A+L

v 2  = L for the backward wave.

The amplitude of these "waves" is given by

Ezo 4 Wo (9)

Since only the backward wave can have a phase %elocity approaching c, only

the backward wave can accelerate electrons. Note that both waves Can

accelerate ions but ion acceleration Is beyond the scope of this proposed

research.

In the experiments conducted to date with the device inS
Figure 1, the hollow beam density was not modulated so acceleration could

not be tested. However, for the beam and Bz that was in place,

L = 0.60 meter, r1 /ro = 0.17, and Q I/c = 2x10 4/3x10 8 = 6.67x0 - 5

coulomb/meter. Assuming that the hollow beam could be density modulated

with x - 2L, then Equation (8) predicts a phase velocity of c for the

backward wave which, with this value for Q inserted into Equation (9)

yields 530 kV/meter as the effective axial acceleration field. Over the

full 5 meter length, this amounts to a 2.5 M' energy gain which should be

easily observable experimentally. It is worth noting as well that an IREB

propagating through a rippled magnetic field can produce significant

microwave radiation if the field strength is below a critical value given

by

7 mc
B --Y (10)

L e
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For the experimental parameters of L = 0.6 and y 1 + 1.5/.511 3.9,

Bc becomes about 0.7 kG which Is far below the average 15 kG baseline

* axial guide field. It Is also important to note the axial and temporal

scale lengths in the experiment. The relativistic electron gyroradius is

given by

rC = 1.7x0 3 (y2 - I)112 B-1 cm (11)

so that in the peak axial field of 30 kG, rG . 0.22 cm. Similarly, the

relativistic electron gyroperiod is found to be about 5x10-1 1 second.

In the actual experiments that were run at NRL, the hollow beam

was not density modulated and the central pencil beam apparently did riot

propagate down the full length of the tube (Reference 4). Thus, the

experiment never proceeded to the point of testing the acceleration

"')ncetpt itself. Specifically, with the 20 kA hollow beam in steady state

pr oaatlo i down the full length of the 5-meler tube (confirmed by damage

patterns) the percil diode voltage was ramped up from 0 to 1.0 V over

a dboit 5 nsec. The pencil diode current rose likewise from 0 to 2.0 kA

over about the same 5 nsec. The pencil beam was never observed to reach

the other end of the tube in the presence of the hollow beam. In fact,

magnetic field probe measurements made just 50 cm downstream from the

* pencil diode failed to detect the presence of the pencil beam. Therefore,

the most significant immediate question addressed by these numerical

simulations of the device was the simple one of survivability of the

"entral beam. This report documents the numerical duplication of all of

the above experimental observations. In addition, it was found that the

central beam does, in fact, propagate down the axis of the tube but that

its current is drastically reduced due to the formation of an effective

virtual cat;iode right. next to the emitting tip of the central rod cathode.

Before describing these results in Section 4, the following

section first details the numerical model of the CPA which was used in

t:s effort.

2-6



SECTION 3

THE NUMERICAL MODEL

From the start of this project, it was clearly out of the

question to attempt a simulation of the full 5 meter length of the NRL

Collective Particle Accelerator (CPA) drift tube. Far too many

romputat ioril Cell1s and particles would be required Lo model the full

ph'ysical system. Such a model would be impractical for running on the

dadilahlP VAX-117bO computer. (A Cray-compatible version of MAGIC

exists, but no Cray-1 machine time was available for this work.) With

this in mind, the previously reported first phase of this research was

ronducted ,jsinj a riumerical grid model whose radial dimensions were very

close to that of the actual CPA, but which was only one-quarter of a meter

lonq instead of the actual 5 meters. This previous model is depicted in

i ioure '. It served very well in carrying out the initial analysis of the

G 5'\ sv,'t-M. Ha', ,i:i in axial len;th about five t imes its diameLer (see

ioure 3) insur-d an adequate separation of the two opposing diodes to

nJirant- decou~litc1 for several nanoseconds. This proved quite adequate

fir obtaining inital qnsights into the physics of the device's operation.

There were only two major drawbacks to that previous model.

This first involved the representation of the hollow e-beam diode. To

limit the number of numerical cells, the radial "flaring" at that end of

trie CPA tube was ignored. Instead, a simple cylindrical, hollow cathode

was inserted into the end of the tube, and was allowed to field emit an

e-heam in accordance with the normal Guassian prescription. However,

since the spacing between the hollow cathode and the anode tube was now

much smaller than that in the actual physical device (about 0.4 cm, as

compared to an actual 1.0 cm), the electric field at the surface of the

cathode wdas significantly more intense, resulting in a hollow beam current

of almost 50 kA, compared witn tne experimentally observed 20-25 KA. The

second objection to the preious numerical model was directly related to

its arossly shortened lenoth and to the fact that. the hollow cathode
t as ra~med to -1.5 ;',, comp.red to -,.C T& for the rod cathoOe.

7,s \iaoe i ference 7an a ec t:,at t e en c I a m eectro is c nc e
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reflected Odck toward their point of origin dS soon as they reached the

hollow cathode end of the tube. Therefore, since the total drift length

W! between cathodes was only 25.22 cm, it was possible for reflected

electrons to complete a round trip back to the rod cathode in about

1.75 nsec. This made it impractical to simulate rod cathode voltage rise

times of longer than about 1 nsec. In fact, fear of interference from

Creflected electrons before achieving equilibrium, encouraqed the use of

ex'l s i e!' 0.1 nsec rise times in the previous work. It has Siree been

suqcest ed that the use of a much Ionqer rise time, closer to the 5-10 nser'

used in the experiments, would inject many more low enerqy electrons into

* the region near the tip of the rod cathode, and would thus permit the
f o'mIon of d much dc'ns.er nt'gat i \ spare charge cloud ( i.e., i rt u

ea thode) there. If present, this effect could conceivably lower the

pencil beam current much more than that observed in the previous

s nM l -It ions.

To correct triese iw-v shortcorr, iiis, a new numerical model Ads

de.\ised. The number of computational cells %as practically doubled from

Ji& liS L4,00()0,) t) .5;)0 cells. if a I else were left the same, tue

Wdk number of particles in the simulatior would double from 40,000 to

a -mut 9,. ,00. The results ,ould be catastrophic with regard to s imolaton

rur- time on the \;,\. To ease tre strain on the computer, two significant

steps were taken. First, the particle density of the central beam was cut

approximately in half. Second, the outer, hollow beam was replaced by a

psetidobeam of qradua lly imposed axial current density all along the cells

sanniq the former hollok beam radius.

Toe radial arid axial cell spacing for the new model which

emerued are shown in Figures 4 and 5, respectivelv. Note also from the

fiqores that simple, hollow cathode at one end of the tube has been

modfied to in-lude a "pencil heam dump" in its interior. This dump

,'o5 sits of a metal rod, centered on-axis which may be connected to the

cathode, r'onnected to the anode (\ia some con\olute outside the simulation

-. o sirnon. left "Iloat'ns.' Tr,-s extra eiectrode there.\ opens uO

r :ss]:-,:;Z les for ~dsor!i) c -st -a-, of r ect ,.'eflZ .eam eectoqs.

"- T v s , : sra~e . ,-'-:o re 7.
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pencil bedm drift distance is 50.09 cm instead of the previous 25.22 cm.

In addition, six other model dimensions were improved in the sense that

they were brought closer to those of tte actual experiment. These are

shown in Table 1. The final major difference between the old and new

models lies in their imposed axial magnetic field strengths. The previous

model imposed a uniform Bz of 25 kG down the entire length of the tube.
The present model uses 15 kG instead, and this corresponds much more

exactly to the value of Bz typically used in the experiment.

'4P|
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TABLE 1

COMPARISON OF MODEL DIMENSIONS
(In Centimeters)

Prev i ous New Actua L
Model Model Experiment

D Drift Tube Radius 2.40 2.38 2.39

HollbIw Cathode *Thickness 0. 24 0.20 0.20

Hollow Cathode Radius 2.02 2.00 2.00

16(1 Ca, lndf Radius 0.3 0.24 0.25

Dlump 1i'11-j thiri;wt'ss 0.9,0 1.03 1.00

Dump Ring ROcess 0.00 0.60 -1.0 to 1.00

3-9
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SECTION 4

RESULTS

In presenting the findings of this second phase of the NRL CPA

modeling effort, it is only proper to begin by recapitulating the major

results from the first phase. Only the bare essentials are provided, and

the reader is referred to Reference 3 for more detailed information.

In this second phase effort, the previous numerical model was used one

last time to examine the changes in the physics when a particulate,

low-current, hollow beam is substituted for the previous 50 kA beam. This

40 step was necessary to benchmark the hollow beam characteristics before

mimicking it with a pseudo beam.

The final three parts of this section deal only with results

16;- obtained using the new, longer numerical model system. First, there is a

brief presentation showing the benchmark run of the single-beam case. The

long system is shown to correspond closely to the previous short system.

The last two runs are of the long model with central beam voltage rise

4P times of 1.5 and 2.5 nsec, respectively. They test the hypothesized

effects of greater numbers of early-time, low-energy electrons in

exaggerating the magnitude of the virtual cathode opposite the rod cathode

tip.

4.1 SUMMARY OF PREVIOUS RESULTS

Two key results must be cited from the prior phase of this

research effort. They provide a convenient reference against which the

new results may be gauged. The specific cases which must be recalled are

the single-beam benchmark run and the dual-beam, reduced central current

run. Both runs used the numerical model depicted in Figures 2 and 3.

* Both runs assumed an applied axial magnetic field strength of 25 kG.

For the single-beam case, a fast rise-time (about 0.1 nsec)

Noltaoe pulse of 1.0 M~V was apDlied to the rod cathode. The 'Lime history

4-1



of that pulse is shown in Figure 7. For this run, no voltage was applied

to the hollow cathode. The rod cathode was allowed to field-emit

electrons from its axial face, with the resultant formation of a very well

behaved and well collimated pencil beam traveling down the axis of the CPA

tube, as shown in Figure 8. (Note that Figure 8 is not drawn to scale.
The axial dimension is compressed approximately by a factor of ten with

respect to the radial.) To measure the current flowing in this central

beam, the same technique as was used in the experiment is also used in the

simulation. Namely, the magnitude of the azimuthal component of the

magnetic field is monitered as a function of time at predetermined points

inside the drift tube. The time history of Be as read from one such

"probe" is shown in Figure 9. This particular measurement is taken 2.2 mm

axially downstream of the rod cathode tip and at a radius of about

1.413 cm from the tube centerline. After a very rapid rise, the azimuthal

B-field strength mildly oscillates about a mean value of about

0.034 Wb/m 2 . This translates to an axial current in the central beam of

about 2.4 kA. This compares quite well to the experimentally observed

central beam current of about 2 kA in a single-beam operation.

The highlight of the previous effort was a complete simulation

of the CPA operating with both beams present. To achieve this

configuration, 0.1 nsec rise time voltage pulses of 1.5 MV and 1.0 MV were

applied to the hollow cathode and rod cathode respectively, with a

1.5 nsec time delay between them. These two voltage pulses are depicted

in Figures 10 and 11. The hollow cathode pulse is observed to remain true

to the 1.5 WT plateau, but the rod cathode pulse is not so well behaved.

Instead of plateauing at a steady 1.0 MV, it rises first to about 1.05 MV

and stays there for about 0.5 nsec, then rises slightly to 1.1 MV and

stays at that value for about 1.0 nsec until finally rising to about

1.2 MW, where it stays until the end of the simulation run. These

changing voltages are indicative of variations in the rod cathode beam

current, which give rise to different beam-line impedances, whose mismatch

with the transmission line impedance cause voltage pulse reflections and

measured %oltaoe chanues. A com:lete round trip for a relati\istic

L-.2
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electron down the tube and back is about 1.75 nsec. Thus, the final rise

to 1.2 MY can be attributed to current reduction due to such reflected

electrons. The first step up from 1.05 to about 1.1 is probably a

manifestation of the maturation of a virtual cathode opposite the rod

cathode tip.

To better appreciate what is physical1 happening in the

collective particle accelerator device, it is instructive to examine a

sample electron position Plot and representat ive phase-space plots for the

two beams. tiure 12 shows the real-space distribution of sample electron

• mcroprticles at 3.5 nsec into the simulation. It shows that both beams

are estdnl ished, with the central beam thinninq due to reflections at the

hin]s , ct hod, interior surfacvv while, at the same tim,, thickeiino due to

\irt ual cathode formation near the rod cathode tip. Nlo significant

distiurhanres, aside from the normal phase-mixinq of radial ripples, is

apparent i;n ti. ,otlov, beam. The well behaved nature of the hollow beam

is further confirmed by the phase-space plot of its constituent electrons,

as shown in Figure 13. This plot also shows that the mean drift

* ..... tu'-n.," of We br'am's electrons is about 7.9 x 100 ms,-', implying

relati' istic drift gamma factor of dbout 2.33. This value of gamma

iransiates to a mean drift energy for the electrons in the hollow beam of

about 0.65 MeV.

The situation is quite different for the electrons in the

central beam. Their phase-space plot is shown in Figure 14. The

previously noted reflection of central beam electrons near the hollow

cathode can be clearly seen on the left-hand side of the plot. Much more

important to this work, however, is the oval shaped pattern on the right.

It shows electrons experiencing a sharp acceleration gradient immediately

following their emission from the rod cathode. That part is to be

expected. Vhat is noteworthy here is the sharp deceleration aradient the

electrons see immediately thereafter. This deceleration is so strong that

it aDears to reflect a fraction of the electron stream right back toward

t., ..tn.. , tio. This deceleration is e\i "en e for the existence of a

-Ir:'d: "nOtle of electror s:.e-cree ''rn ? mn Y thy rAd cathoo,

|. - . . -. ... .. . .
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tip. The manifestation of such a phenomenon can only lead to a

significant decrease in the net current carried by the central beam.

To measure beam currents in this simulation, thIeW azimuthal

component of the magnetic field was once again monitered at various

locations in the drift tube. Figure 15 shows the time history of B, as

read by a "probe" located almost 2 cm downstream of the rod cathode tip

and at a radius of 2.345 cm from the tube centerline. At that rddius,

Bl will track the total current of both beams at that axial pos i i on

Since no significant de\ iit ion from a plateau field strength of about

0.4 Whb/m2 is visdble, one can conclude that the central beam current is

much smaller than that of the ho 11 ow be(am, and t hat the hollow ham

crrent If approximate x ,. K.A,.

uure 1 -6 cooe\5 the corresooord inq current informat ion for the

f'md ra] "'J ,. It trd(,(, tS e t h m hSt or? of B- d d;I d >IdJl p') ion

about 2 m-n downstream of the rod cathode and at a radius of 1.413 cm.

Although the "signal-to-background" ratio clearly leaves much to be

dsire, It is not difficult to estimate a mc-an fi_'ed strength of aout

0.,15 '5,/m 2 between 2 and 3 nsec into the run. This Gives a peak central

nveue current \aluE. Of dbout 1.05 k\. This is down h\ a factor of almost

2.5 from the single-beam case and could easily go unnoticed in the actual

experiment.

4.2 PREVIOUS MODEL WITH LOW OJTER BEAM CURRENT

Ttoe first ;hase of this research effort ended w ith the

conclusions just stated in Section 4.1. The implications of that work

argued in favor of a renewed experimental effort since the actual central

beam current, although mujch reduced, was still substantial enough to use

in testinj thi, acceleration concept. Before pronouncing a final verdict,

n ."r, it was ne"essar\ tn address the two major differences bet een the

2imuit ions and he exporimn't, namel the, much hiclhor rnollow beam current

C art ic a~ 1 sro'- io ae rise t ime or tore od cathode.



I

" .1

MGI C VERSION JUNE 1983 D,E 10/26/53
SIMULRTION NRL COLLECTIVE PRRTICLE RCCELERRTOR

TIM, E HISTORY PLOT
E 3 0P I T:'S-" CC,? 0 R I N"TE {129.2'1)

U--o 00

,J

o- o o ----------- -- ----------I... .. .. .. . .. .. .. .. .. . .. .. .. .. .

1 000 2.000 3. 000 .000 5000

T IME (SEC)x 1i0

Figure 15. Time History of B at a Radius of 2.345 cm
for Prev.ious Dual-Beam Simulation.

-- - .-- -- .. O .-_ 2o .03 -,0 .. 007 -. 0



MPKIC VERSION JUNE 1983 DRTE 10/26/83
SIMULRTILUh NRL COLLECTIVE PRRTICLE RCCELERRT0R

TIME HITORCY PLOT

E3. COXFNE

w1I I'V PT S2 i: iTE 110,10 fl

- -. -- - -- - -- - - -

0.00 1 1O 2. 0001 3.0030 ~.000 5. 033

Figure 16. Time History of B~ at a Radius of 1.413 cm
for Previous Dual-Beamn Simulation.

4- 14



.7]

The problem of lowering the hollow beam current was relatively

straightforward to solve. In fact, there were two avenues of solution

open. One possibility would have been to modify the physical dimensions

of the electrode system in such a way as to mimic the radial flaring of

the tube and the cathode at the hollow beam diode end. By increasing the

effective anode-cathode gap there, the electric field at the hollow

6 cathode surface would have been reduced and the field emission algorithm

would have yielded a proportionately lower emitted current. The price for

sdCh a "fix" would have been the addition of several extra layers of cells

in the radial dimension. Three extra radial cells equate to almost 500

extra 2-D cells in the simulation. Such a waste of computational storage

could not be ,asily defended, particularly given the more pressing demand

to add cells to increase the axial. length of the system.

A far more aqreeahle soiution consisted of shutting off the

GduSsiar,-fild emission on the hollow cathode tip and replacing it with an

artificially imposed, injected electron beam. Physically speaking, it was

as if the solid cathode tip were replaced by a transparent, conducting

foil trirough which a monuenergetic beam of electrons Was injected.

Sr)ecificdlly, for this simulation, the electrons were introduced with a

,ldr z. ro encr',y and witr, a radial y uni form current density of

8.376 x 10 7 A/-m2 (=8.376 kA/cm2 ).

The results from this simulation offered no surprises.

Figure 17 shows a time history of the voltage pulse applied to the hollow

cathode diode. It differs only slightly from the 1.5 MV plateau

previously exhibited in Figure 10. More interesting are the electron

trajectory plots of Figures 18 and 19. They depict the hollow electron

beam in two separate, intermediate stages of development. A clear

distinction car he drawn between the nose of the beam and its main body.

The physical nature of the distinction is clarified b\ examining the

phase-space plot for the hollow beam electrons at the exact same instant

in time (t 0.7 risec) as that of Figure 19. This is shown in Figure 20.

- -.--- ,-.-~-. - -.
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Figure 17. Hollow Cathode Voltage Pulse for Low
Current Test on Previous Model.
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As in the previous runs, the hollow beam was allowed to

equilibrate for about 1.5 nsec before the rod cathode voltage pulse was

turned on. This can be seen in Figure 21. The voltage plateaus at

approximately 1.05 MV, which is close enough to the desired 1.0 MV.

Figure 22 shows not only the established, well behaved hollow electron

beam, but also an intermediate stage (at t = 2.1 nsec) of the development

of the central beam. As can be seen from the phase-space plot of

Figure 23, this low current hollow beam has a considerably higher value

for the relatk\istic gamma factor. Here, Y equals 3.0 compared with

about 2.4 for the previous 50 kA beam. The different current and the

different beam drift velocity would lead one to expect that the hollow

t)vam wu)'jld ha\ e a sobstint ,31 I' different e ffect on the phN sics of the

central beam. Such was indeed the case. The central beam phase-space

plot of Figure 24 shows very little evidence regarding the formation of

n\ substdntial \irttal cathode space-cha-e veil in the vicnitx of thc

..JI Lj '9O, iU. It3Ledd, it ci;s5pavs t:tC ztan(ad ieL',JO'K dtLribULeS of

an initial, sharp acceleration region, a plateau drift region, and a

final, sharp acceleration region. The hollow beam is having only a

marginal effect on the physics of the central beam.

To ouantify the net effect, there remains only to measure the

central beam current via the BE monitors. Figure 25 shows a time

history plot of the azimuthal magnetic field strength at a radius of

2.345 cm and an axial position of Z = 23.22 cm for this case. At this

radius, it encompasses both beams. Thus, at early time, it measures a

8 of about 2.05 kG, which corresponds to a hollow beam current of

24.04 kA. The field strength begins to experience a distinct change

shortly after the rod cathode is pulsed at 1.5 nsec. By t = 1.75 nsec,

the presence of the central beam's reverse current is clearly seen. The

precise magnitude of the central beam's current is best quantified by

temporally sampling B0 inside the radius of the hollow beam. This is

shown in Figure 26 for a axial position of Z = 19.3 cm and a radiius of

R = 1.413 cm. The plateau field strength is about 2.74 kG, which

corresoonds to a central rear current of 2.12 K-.
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Fioure 22. Electron Position Plot for Lo%
Current Test at t 2.1 nsec.
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for LoA Curre-V' Test at t 2 .1 nsec.
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The major conclusion to be drawn from this simulation is clear;

lowering the hollow beam current tends to raise the central beam current.

p By lowering the hollow beam current from 47 kA to 24 kA In order to more

closely approximate the experiment, we doubled the central beam current

from 1 kA to 2kA.

Before leaving behind the previous numerical system model, two

final test runs were conducted with it. The purpose of these final two

runs was to evaluate the physical impact of substituting a

numerically-applied, axial current density in place of the actual electron

* macroparticles being used to simulate the hollow beam. Two considerations

motivated such a substitution. First, the physical dynamics of the hollow

beam were not significantly effected by the central beam and, second, in

transitioning to the half-meter-long model, it was desirable to save as

much numerical data storage and numerical computation as possible. The

elimination of discrete electrons from the hollow beam allowed the

treatment of twice as many macroelectrons in the central beam (made

necessary by the doubling of its length) without any increase in code

running time.

The old simulation model was used to test the "pseudo-beam"

concept in order to take advantage of the previous runs which were

WO available to benchmark the results again. It was decided to rerun the two

dual-beam cases with 47 kA and 24 kA in the hollow beam. The 1.5 M~V pulse

was applied in exactly the same fashion as before to the hollow cathode.

Now, however, instead of allowing electrons to emerge from the hollow

cathode tip, a uniform axial current density was applied to the data cells

in the model which the actual beam had spanned. This current density was

not simiply "switched on" all across the entire axial length of the system

at t = 0. Rather, a "pseudo-beam" front was allowed to propagate axially

at a realistic beam velocity at the appropriate beam radius. The central

beam continued to be treated exactly as it was before (i.e., with explicit

electron macroparticles) . The results of these two pseudo-beam test

simulations were very satisfying. They agreed very closely with their

real beam counterparts. This is shown~ in the summary Table 2.
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TABLE 2

YR111ARY OF tHISOILTS ,JSTrI,_, 0: D ,n )IL

HolLo" Beam Y of Central Beam
Current (kA) Hollow Beam Current (kA)

Single (Central) Beam 0 N/A 2.40

- Dudl 3-.m (50 kA\) 46.9 2.33 1.05

Dual Beam (25 kA) 24.0 3.0 2.12

Pseudo-Beam (50 k ) 47.5 2.4 1.13

* Pseudo-Beam (25 kA) 24.4 2.4 1.94

llote: For all of the above, the axial guide B-field was kept constant at
25 kG and a voltage rise time of about 0.1 nsec was applied to the
rod caLhode.

S
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4.3 SINGLE-BEAM BENCHMARK OF NEW MODEL

The remainder of this report deals with the three definitive

simulations of tile CPA wnich were conducted using the new, half-meter-long

numerical model described in Section 3. In these runs, a pseudo-beam

replaced the explicit hollow beam and the axial, guide B-field was reduced

to a constant 15 kG. The obvious "first thing to do" was to benchmark the

new wmdel arjainst the old model. To do this, we chose to run the single,

central b(eam Case.

The new model worked so predictably well that the ruL results

were totally unremarkable. No voltage pulse was applied to the hollow

cathode while the voltage pulse traced in Figure 27 was applied to the rod

cathode. As in the runs with the old model, a rise time of about 0.1 nsec

was chosen for eonvenienc . In the abser, nf a hi!Ilow beam, the duration

of this rise time is quite irrelevant. As desired, the voltage plateau is

extremely close to 1.0 MV.

The magnitude of the azimuthal magnetic field at Z = 54.88 cm

and R = 1.05 cm was mon.itred throughout this simulation and the resultant

put i. shown ii Figjur- 2S.As tne system relaxes to a sLeady state, the

%alue of B. oscillates uniformly about a value of 0.44 kG. This

indicates a central beam current of about 2.31 kA which compares very

favorably with the 2.40 kA measured with the old model for the

corresponding, single-beam case. The modest difference is understandable,

given the sligitly different plateau voltage, geometry, and axial B-field

strength. These positike results encourage a high degree of confidence in

the physical observations which will be drawn from the remaining two

simulat ions.

*7
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MAGIC VERSION JUNE 1983 DATE 5/30/84
SIMULRTI0N NRL C.P.A. (LONG) I -BERM BENCHMARK

TlIME_ HISTRY~ PLO7

NTECRTEDFRCM 156S,.5) TO (?3 5 )

40 ,

0- --- - -- ----- ----0 1- ----- -- --

-- - - -- - - - - -- - - - -- - - - -

> 0 .6 3---- ------ --

0.0000.A OO. 800 1. 200 1. 6322. 000 2. 00

TIM [,E SEC0

Figure 27. Temporal History of Voltage Pulse pplied to
Rod Cathode for rNe% Model Benchmark Case.
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-;3!C VERSION JUNE 1983 DRTE 5/30/8q
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- - - - - - - --- ---------------
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Figure 25. Temporal History of Azimuthal B-Field Strength at
Z = 54.85 CM and R = 1.05 cm for the Ne Model

Benchmark Run.
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4.A RUN WITH 1.5 NSfEC RISE TIME

.* Having achieved a more experimentally accurate geometry, hollow

beam current, and axial magnetic field strength, there remdined only to

examine the effects of a lengthened rise time on the performance of the

CPA. A pseudo-beam of imposed, uniform, axial current density was used to

mimic the presence of the hollow e-heam in both this and the following

similation. 4 short rise-time (- 0.1 nsec) voltage pulse was applied to

the hollow cathode is showi in Figure 29. This pulse plateaus at about

1 .45 MV, which is acept abhl close to the desired 1 .50 MV. The
'orresponding 'oltagt, pulse which is applied to the rod cathode is shown

in Figure 30. That pulse is not turned on until 3.0 nsec into the run.

That delay allows tir:re for the field structure in the drift tube to

accommodate itself to the power influx from the hollow cathode diode.

Thereafter, the voltage continues to rise linearly for another 1.5 nsec

until leveling off at about 1.07 MV from t = 4.5 nsec for the duration of

the run.

This new system, even with the much elongated rise time, behaved

cry smoothl,,. No evidence %as found for the formation of the virtual

cat.;iod., NriJch had sLgn,,-ficant iy impeded toe central beam current flow in

the runs with the old model. The ease of central beam propagation is

attested to b Figures 31 and 32, which present electron position plots

for t = 5.25 and t = 5.60 nsec into the run. (Keep in mind that the

hollow beam is present in the form of an imposed axial current density

even though no particles are shown at that radius.) It appears that the

beam may be divided into three distinct radial zones (corresponding to the

three particle emission cells on the surface of the rod tip). The

innermost zone is lightly populated. The outer two zones are densely

populated. The electrons in the outermost zone are the onl\ ones to

experience significant radial oscillations.

' -A
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B ;Ap'T7 V7*RST Z7 JUJNE 79e ORTE 6/11/84
SIMULRTiYN -NR,- C.P.R. (LNG) 1.5'NS. RISETIME

TIME HISTORY PLOT
E2 COMPONENT

~1 ~INTESR2TED FROM '7lK) TO 11.2C)

-- - - - - - - - - - - - - - - - - - - - - - - I - - - - -

= C0 0 - -- -

--- --- --- I -- -- -

0~0 .00 2. 000 3 ?00 )L0 00 05. 000 6. 000

Figure 29. Hollow Cathode Voltage Pulse for
the 1.5 nsec Rise-Time Run.
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MPGIC VERSION JUNE 1983 DRTE 6/11/84
SIMULRTION NRL C.P.R. (LONG) - 1.5 NS. RISETIME

TIME HISTORY PLOT
E2 COMPONENT

W1 06 INTEGRRTED FROM (368.5) TO (368,12)

1.200
Sl

0 . 8 0 0 ... ... .. ... ... .. I... .........--- --- - -- -- --- ---

> 0 . 4 0 0 .. .-- -- - I.. .. --.. .--.. ... .. .. .. ..

0 .0 0 0 - - ---- ----- ----- -----. I ..- .- ....

0.800

00 00 1.002 0 .004 0 .006 0

p,

-0.A00O I I
0. 000 1. 000 2. 000 3.,000 q, 000 5. 000 6. 000

TIME (SEC) 10-9

Figure 30. Rod Cathode Voltage Pulse for
the 1.5 nsec Rise-Time Run.
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MAGIC VERSION JUNF 1983 DRTE 6/11/84
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MAGIC VERSION JUNE 1983 DATE 6/11/Be
* SIMULATION NRL C.P.A. (J0NC3 1.5 NS. RISETIME

TRAJECTORY PLOT OF ELECTRONS (ISPE=1
AT TIME 5.60E-09 StEC F0R 1 TIME STEPS

Figure 32. Electron Position Plot for 1.5 nsec
Rise-Time Run at t 5.60 nsec.
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Once again, azimuthal magnetic field strength monitors were

stationed at two separate radii, both inside and outside of the hollow

* beam. The one positioned outside the beam at R = 2.315 cm and at an axial

position of 53.1 cm recorded a time dependency for B0 as shown in

Figure 33. The first plateau reading of about 2.6 kG indicates a hollow

pseudo beam current of about 30 kA. The corresponding information for the

Scentral beam may be garnered from Figure 3k. The readings there, taken at

a radius of 1.05 cm, indicate a plateau B0-field strength of 0.36 kG.

This determines the central beam current to be about 1.84 kA. Such a

reading benchmarks quite favorably with the 2.12 kA and 1.94 kA currents

• measured using the previous model with a real and pseudo 24 kA hollow

beam, respectively. The central beam is experiencing very little

suppression due to the hollow beam In this configuration. This bodes well

for the successful operation of the CPA experiment and reinforces the

argument that perhaps a flaw in the experimental diagnostics failed to

detect the central beam which actually was propagating down the 5-meter

drift tube.

• This simulation would have been the last in the series had it

not been for two interesting points. First, it seemed possible that

increasing the rise time even more (to approach the 5-10 nsec rise time in

the experiment) might still further reduce the central beam current due to

an increased number of low energy electrons during the start-up. Second,

something very intriguing was observed in the central beam phase-space

plots. An example is shown in Figure 35. Note the "bump" located at

about Z = 30 cm. Was a virtual cathode being formed that might grow and

travel backwards toward the rod cathode to suppress emission there? A

clue to its origin could be found in the axial profiles of charge and

current density given in Figure 36. The position of the "bump" seems to

correspond roughly to the transition point between the voltage rise and

plateau phase of the beam. In order to find out more, a 2.5 nsec rise-

time run was conducted.

4-37
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MRGIC VERSION JUNE 1983 ORTE 6/11/84
SIMULRTION NRL C.P.R. (LONG] -1.5 NS. RISETIME

TIME HISTORY PLOT
B3 COMPONENT

10- RT C00RDINRTE (3q0, 19)

1. 000

0 .0 0 0 ----- ---- ----- ----

-2 .0 0 0 --- --- -- ----- -------- -- --- -- - --

-3.000
0. 000 1.002.o0003.o00q..oo 5. 000 6.000

T IME (S C ) 10-9

Figure 33. Time History of B. at R =2.315 cm and
Z =53.1 cm for the 1.5 nsec Rise-Time Run.
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MRSIC VERSION JUNE 1983 DPTE 6/11/84
SIMULRTION NRL C.P.R. (L3NC3- 1.5 NS. RISETIME

PH::),_E-cR,,E PLOT OF PI VS. XI RT TIME 5.60E-09 E
SFEE]ES NUMEER I Q/M RATIO -1.759E+11
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000 ,

NX

-1. 200 i Run.
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X! rk,

• Figure 35. Phase-Space Plot for the Central Beam

Electrons at t = 5.6 nsec in the
1.5 nsec Rise-Time Run.
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4.5 RUN WITH 2.5 NSEC RISE TIME

To execute this final simulation run in the present series, the

voltages applied to the hollow and rod cathodes were changed to the

temporal dependencies depicted in Figures 37 and 38, respectively. All

other imposed conditions remained the same as those for the previous

1.5 nsec rise-time case. As can be seen from Figure 37, after a sharp

rise, the hollow cathode voltage plateaus at approximately 1.47 MV. The

rod cathode voltage of Figure 38 shows a turn on at t = 3.0 nsec into the

run, followed by a linear rise for the next 2.5 nsec, followed by a

plateau of about 1.07 MV. The total simulation run time was 7.0 nsec.

Lengthening the rod voltage rise time from 1.5 to 2.5 nsec had

no noticeable effect on the propagation or current carrying capabilities

of the central beam. Witness to this is borne by the azimuthal magnetic

field strength temporal profiles presented in Figures 39 and 40. The

measurements shown in Figure 39 were taken at a radius of 2.315 cm. They

thus reflect the combined effects of both beams. The initial plateau of

2.55 kG represents a hollow pseudo-beam current of about 29.5 kA. After

about 5 = 4.0 nsec, the central beam makes its presence felt. To better

gauge its magnitude, Figure 40 presents B® measurements taken at the

same axial position but at a radius of 1.05 cm (i.e., inside the hollow

pseudo-beam). The longer current rise time is clearly evident, leading to

a plateau field strength of about 0.35 kG. This indicates an equilibrium

current of about 1.85 kA for the central beam. This is virtually

identical to the 1.84 kA measured for the 1.5 nsec rise-time run. These

results are summarized in Table 3. Therefore, these simulations are

consistent in their predictions of successful propagation of a significant

central beam down the length of the drift tube in the preliminary CPA

experiment.

The above results could hardly be described as exciting. A

closer look at the detailed diagnostics, however, sheds significant new

lioht on the nat:Jre of that ohase-space "bump" observed in the 1.5 nsec
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,*, 'IC VERSION JUNE 19S3 DRTE 6/29/84
SIMULRI0N NRL C.P.R. IL0N3) - 2.5 NS. RISETIME

TIME HISTORY PLOT
E2 COMPONENT

INTE0R;TED FROM (11,17) TO (11,20)

> ~ --------------------------

030 2 _0 L.000 8.00 8.000

T TM=E ( ;7) *10-9

Figure 37. Time History of Hollow Cathode Voltage
for the 2.5 nsec Rise-Time Run.
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Figure 3S. Time History of Rod Cathode Voltage
for the 2.5 nsec Rise-Time Run.
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MPGIC VERSIN JUNE 1983 DRTE 6/2/84
,, . .P.R. (L N3) - 2.5 NS. RISETIME

TIME H:STZRY PLOT

E CFMP0NENT
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Figure 39. Time History of B® at R = 2.315 cm and

Z =53.1 cm for the 2.5 nsec Rise-Time Run.
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'C VERS ION JUNE 19Q3 D PTE 6/28/84
SIMULRTI0N NRL C.P.R. (LONG) - 2.5 NS. RISETIME
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2 10 T ..... E . 1O

-20*

2.000 ---------------- ---- r------

x

0.000 2.000 a 000 8.00 O 0 00

TIME (5E0) 0-

Fioure 4 3. Time~ History of B.. at R - 1.05 cm and

Z = 53.1 cm for the 2.5 nsec Rise-Time Run.
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TABLE 3

SUMMARY OF RLSULTS FROM THE NEW MODEL

Rod Cathode Central Beam
Hollow Beam Voltage Plateau
Current (kA) Rise Time (nsec) Current (kA)

Central Beam Only 0 - 0.1 2.31

1.5 nsec Rise Time 29.5 1.5 1.84

2.5 nsec Rise Time 29.5 2.5 1.85

Note: Only pseudo beams were used for the hollow beam, the hollow beam
voltage rise time was always 0.1 nsec, and the imposed axial
magnetic field was 15 kG throughout.
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run. First, examine the series of sample electron position plots shown in

Figures 41 through 45. These trajectory "snapshots" are temporally

* equispaced during the lifetime of the central beam. If studied carefully,

they each reveal an axially narrow region of slightly enhanced electror,

number density. Following through from picture to picture, this density

anomoly can be seen to move farther and farther to the left, although

lagging significantly behind the head of the beam. The propagation of

this structure is much more easily seen in the central beam electron

phase-space plots of Figures 46 through 50. In these, the density anomoly

stands out as a "hump" which slows down the electrons behind it and

* accelerates the electrons in front of it. From frame to frame, the bump

moves sLadily leftward. (Note that there exists a one-to-one

correspondence between these phase-space "snapshots" and the previous set

of position plots.) Just out of curiousity, the axial position of the

peak of the bump was plotted as a function of time in Figure 51. It

appears to show an initial phase of smooth acceleration which transitions

at about t = 5.8 nsec into a constant velocity phase. The magnitude of

that constant terminal velocity is approximately 1.17 x 1010 cm/sec.

The status of this phase-space "bump," as an axial density

anomoly, is endorsed by the axial charge density profiles measured at a

radius of 0.12 cm all down the drift tube at fixed points in time. These

oprofiles are shown in Figures 52 through 54. (Note in viewing these plots

that negative charge density is being measured. Thus, the zero point lies

along the top border of the plot.) Unfortunately, these diagnostics were

generated only half as frequently as were the particle position and

phase-space plots. Still, they afford a more than adequate time sequence

showing the formation, movement, and steady erosion of the density clump.

For the same instants in time, the position of this density enhancement

coincides precisely with the phase-space "bump." Yet another reference

point for tnis phenomenon may be found in the axial electric field

strength profiles. These were measured and plotted for the same instants

in time as the charge density plots, but were accomplished at a uniform

radius of 0.2 c-. The% are shown in Fiaures 55 throuon 57. Once aaain.
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Figure 51. Plot of Axial Position of Peak of Phase-Space "Bump"
dS a Function of Time for the 2.5 nsec Rise-Time Run.
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t = 7.0 nsec for the 2.5 nsec Rise-Time Run.
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A detailed study of this soliton behavior would be a fascinating

topic by itself. Unfortunately, it lies beyond the scope of this present

V work.
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SECTION 5

CONCLUSIONS

With this last series of long rise-time runs in an improved

geometry, this simulation effort in support of the NRL CPA assessment

program comes to an end. The code results have delivered a consistent

message that the central beam of the CPA test device should propagate

ilmost the entire length of the drift tube with a reduced, but still

healthy 1 to 2 kA of current. Charge density anomalies may develop within

the body of the beam, but these never threaten to shut the beam off.

The curious electron density clamp which was observed tt- form

and then propagate within the central beam in the 2.5 nsec rise-time run

seems to merit further study on its own.
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APPENDIX

THE MAGIC SIMULATION CODE

MAGIC (MAGnetic Insulation Code) is a computer code designed to

simulate self-consistent (nonlinear) processes typically associated with

pulsed power systems. Examples include power transport, beam propagation,

magnetic insulation, diode operation, microwave tube design, etc. MAGIC

is an intermediate size code (about 20,000 statements), and is highly

optimized both for user efficiency and computational efficiency. It was

developed by MRC under contract to Sandia National Laboratories for use in

their light ion and electron fusion program. MAGIC is now entering the

fifth year of development as a production code. There is an active user

group, supported by an extensive User's Manual and active consultation

with the authors. The code is available on Cyber 176, Cray-1, and VAX-780

computers. The code has been documented extensively (References 5-7) and

many results have been published (e.g., References 8-10); the discussion

which follows will deal with the code's options and features which are

crucial to successful simulation of relativistic electron beam devices.

Conducting surfaces can be imposed arbitrarily to exactly

duplicate structural geometry in any of four coordinate systems

(cartesian, cylindrical R-Z, cylindrical R-e, and spherical). Periodic

and mirror symmetry conditions, which apply to both fields and particles,

can be imposed on the ends of a computational region. MAGIC has the

capability of linking one-dimensional transmission lines to the

two-dimensional simulation; this provides the means to model the interior

structure of devices, which are plasma free. Such lines can be truncated

with a "lookback" model which allows reflected waves to escape from the

system.

Externally applied (static) magnetic fields can be imposed in

any direction and can be a function of the spatial coordinates. (The

dynamic magnetic field adds linearly to the static field to affect

particle m3tion.) The functional form of electric fields from a static

%oltage can be determined lnitially from the solution of Poisson's

A-I
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equation. These fields can he imposed by means of an external circuit to

renresent a power pulse propanatinq in the third dimension. Either the

steady-state or the time dependent case can be represented. In either

case, the dynamic fields aqain add linearly to the static fields to affect

particle motion.

-The emission of electrons or ions can he simulated over

arhitrarv predetermined conductor surfaces hy anlication of Poisson's

equation to surface cells, i.e., cells immediately adjacent to the

electrode surface. The external normal electric field and charqe existinq

W within the cell are used to determine the surface normal field. To obey

Child-Lannmuir physics, this field shotld vanish. In HiACIC, enouih charne

is created near the surface to force this field to vanish (if the field

has the wrona sinn, no charae is created). This charge is normall, broken

- ,in into a small nurmher of macroparticles, which are then distributed

randomly alonq the cell surface. A small spatial distribution in the

normal direction provides effective temporal separation. The surface

force alaorithm is also altered to take actual surface charge into

W account.

This very simple model has seen effective use in a variety of

applications. It has been validated by .omparison with one-dimensional

Child-Lanamuir analysis. The primary requirement to achieve accuracy is

fine normal snacinci near the surface, and this is easily attained in MAGIC

usinq the nonuniform spacinq option. Finally, MAGIC has the capability to

simultaneously model up to 10 narticle species, which may he useful if

positive ions are believed to play any role.

Two standard explicit (centered-difference and time-symmetric)

and one novel imolicit (time-biased) electromaqnetic field solvina

alnorithms are available as user options in the code. Darticular mention

should he made of the implicit solver since this is the one actually

emoloyed in these simulations. The hasic idea behind this algorithm is

very sim-iar to the notion hehind! predictor-corrector. That is, snatial

nradie~s & a snevi' field at e\eral noints in tima are used to
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estimate the time rate of change of the electric field. If these several

points in time include advanced (unknown) magnetic fields, then the

-algorithm is implicit. In MAGIC, the implicit equations are solved by

repetition for a single time step, making use of relaxation coefficients

to improve convergence. This algorithm was originally developed by

B. Godfrey of MRC (Reference 11), and has been extensively tested by use

(e.g., Reference 7) in applications involving magnetic insulation.

The primary advantages of the time-biased over standard centered

difference methods are that (1) high frequency noise is greatly reduced,

0 (2) certain numerical instabilities are damped, and (3) the Courant

criterion is usually relaxed. On this last point, the penalty of

iterdtive solution outweitghs the advantage of larger time steps. That is,

the time-biased algorithm is always more expensive computationally.

Howecer, use of this algorithm (along with temporal filtering of magnetic

forces) has virtually eliminated the debilitating wave trapping normally

encountered in magnetic insulation type problems (see Reference 8 for a

discussion of wave trapping).

Local charge conservation is another algorithm which is

essential to a good representation of intense particle beam devices. The

majority of PIC codes conserve charge only in the global sense - that is,

system charge equals charge created minus charge destroyed. In many

applications, the fluctuations in individual cell fields (due to various

charge weighting schemes) are small compared with fields themselves. In

such applications, the global conservation schemes are adequate. In

beam-diode problems, however, the accumulated charge creation and

destruction typically greatly exceed the system charge. In this case, the

field fluctuations can exceed the magnitude of the fields themselves.

This proceeds linearly with time in a simulation, culminating in obviously

catastrophic results.

This effect is eliminated if charge conservation is ensured

locally (cell-by-cell). There are several approaches possible to achieve

this.
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For example, some electromagnetic PlC codes periodically during the

simulation (say, every 50 time steps) will solve Poisson's equation, and

use the results to "correct" the local conservation directly through the

current density algorithm. By contrast, MAGIC relies on consideration of

multiple, orthogonal motions of particles and exact enforcement of the

continuity equation in the direction of motion. Thus, local conservation

is provided automatically by the current density algorithm in MAGIC,

eliminating the need for subsequent, periodic "corrections".

MAGIC has been used to simulate too many devices to conveniently

list them all here. Still, it is useful to mention several examples which

illustrate the power and feasibility of the code. The first is explained

in Reference 12. MAGIC was there used to simulate the effect on electron

beam transmission of adding a dielectric liner to the cylindrical outer

wall of an experimental drift tube cavity. The second example relates to

an extensive series of foilless diode simulations conducted with MAGIC by

Sandia National Laboratories (Reference 13). Some 22,000 macroelectrons

were used in these runs which tested the effects of different values of an

applied, uniform, axial magnetic field, Bo. The final example presented

in Reference 14 looked at the problem of electron leakage in the NRL

hybrid-inverted coaxial magnetron.
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